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Ensconsin is a conserved microtubule-associated
protein (MAP) that interacts dynamically with micro-
tubules, but its cellular function has remained elu-
sive. We show that Drosophila ensconsin is required
for all known kinesin-1-dependent processes in the
polarized oocyte without detectable effects on mi-
crotubules. ensconsin is also required in neurons.
Using a single molecule assay for kinesin-1 motility
in Drosophila ovary extract, we show that recruit-
ment to microtubules and subsequent motility is
severely impaired without ensconsin. Ensconsin
protein is enriched at the oocyte anterior and apically
in polarized epithelial cells, although required for
localization of posterior determinants. Par-1 is
required for ensconsin localization and directly phos-
phorylates it at conserved sites. Our results reveal an
unexpected function of a MAP, promoting produc-
tive recruitment of a specific motor to microtubules,
and an additional level of kinesin regulation. Further-
more, spatial control of motor recruitment can
provide additional regulatory control in Par-1 and
microtubule-dependent cell polarity.
INTRODUCTION
Asymmetric cell polarization is fundamental to embryonic devel-
opment and to the functions of epithelial cells. For cells that are
large, like some oocytes, or have long extensions, such as
neurons, the microtubule cytoskeleton contributes to polarity
and provides the means for directional long-distance transport.
As microtubules are inherently polarized, spatial control of their
nucleation and growth can give a polarized cytoskeleton. This
polarity is then ‘‘read out’’ by minus-end-directed motors, pri-
marily the dynein motor complex, and plus-end-directed motors,
such as classical kinesins.
Microtubules interact with, and are regulated by, a large num-
ber of proteins. Apart from motors, diverse families of conserved
microtubule-associated proteins (MAPs) have been identified
(Mandelkow and Mandelkow, 1995). Their functions can vary,
affecting microtubule growth, stability, or interactions. They
may also affect the directional motors—for example, acting as
‘‘roadblocks.’’ Tau, a well-studied MAP involved in neurodegen-
eration, interferes with kinesin-1 transport when overexpressed866 Developmental Cell 15, 866–876, December 9, 2008 ª2008 Elsin cells (Ebneth et al., 1998; Stamer et al., 2002), and with the
processive movement of purified kinesin-1 motors on microtu-
bules (Seitz et al., 2002; Vershinin et al., 2007). This shows that
Tau can block the kinesin-1 motor, but whether this is its physi-
ological function remains a matter of debate. One complication
in assigning biological function to MAPs lies in the difficulty of
bridging the gap between knowledge obtained from detailed
in vitro experiments that use artificially naked microtubules and
incomplete motor complexes and the physiological effects that
can be observed in cells and tissues.
Mammalian Ensconsin, also called E-MAP-115 for epithelial
microtubule-associated protein of 115 kD, was isolated bio-
chemically by virtue of its ability to tightly associate with micro-
tubules (Masson and Kreis, 1993; Bulinski and Bossler, 1994).
We use the name ensconsin to avoid confusion with the unre-
lated EMAP (echinoderm MAP). Ensconsin binds along the
length of microtubules, and early studies suggested that it might
stabilize microtubules. However, this idea has not been sup-
ported by subsequent experiments involving less extreme over-
expression (Faire et al., 1999). In addition, live imaging showed
that the association between ensconsin and microtubules is
very dynamic in cells and appears to be regulated by phosphor-
ylation events (Faire et al., 1999; Bulinski et al., 2001). Phosphor-
ylation of ensconsin and its microtubule association is regulated
during the cell cycle (Masson and Kreis, 1995). Mice mutant for
ensconsin/E-MAP-115 are viable, but have defects in microtu-
bule-rich structures in spermatogenesis (Komada et al., 2000).
More widespread functions might be obscured by genetic re-
dundancy, however, as mammalian genomes encode a related
protein, RPRC1. Drosophila has only one gene of this family,
which is investigated here.
The oocyte of Drosophila melanogaster is a well-studied
example of microtubule-dependent cell polarization. At mid-
to-late oogenesis, localization of the anterior determinant bicoid
requires the anterior microtubules and the dynein motor complex
(Schnorrer et al., 2000; Weil et al., 2006), whereas posterior
determinants Staufen and oskar mRNA require kinesin-1,
a plus-end-directed motor (Brendza et al., 2000; Cha et al.,
2002). Recent analysis indicates that oskar mRNA transport is
primarily mediated by kinesin-1, itself performing a random bi-
ased walk along a weakly polarized cytoskeleton (Zimyanin
et al., 2008). In many contexts, the Par proteins are important
for polarity, establishing mutually exclusive cortical domains,
and affecting the cytoskeleton (Pellettieri and Seydoux, 2002;
Benton and St. Johnston, 2003; Suzuki and Ohno, 2006). Setting
up oocyte polarity also requires Par-1 kinase, which itself is en-
riched at the posterior (Shulman et al., 2000; Tomancak et al.,evier Inc.
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a MAP with Conserved Features
(A) Simplified schematic of theDrosophila enscon-
sin locus (for details, see FlyBase genome annota-
tion) and ensconsin mutants.
(B) Schematic of ensconsin protein, conserved
regions, antibody epitopes and truncated variants
analyzed. Percent amino acid identity and similar-
ity is given below EHR1 and EHR2 of mouse
ensconsin. ERH1 and EHR2 are sometimes anno-
tated as coiled-coil domains, but being highly
charged without the expected hydrophobic
residues, this structure is unlikely.
(C–E) Microtubule binding assay showing super-
natant (S) or pellet (P) fractions after incubation
of cleared extract with taxol to stabilize microtu-
bules or DMSO control. In (C), 0–2 hr wild-type
embryos were used; in (D and E), ovaries from
females carrying tub-ens-X or tub-ens-C trans-
genes, respectively, were used. The two panels
in (E) show extracts with different levels of Ens-C
relative to endogenous ensconsin. Blots probed
with anti-Ens (antigen B). The top band labeled
‘‘Ens’’ indicates wild-type, endogenous ensconsin
in all cases.2000). Par-1 activity, together with the phosphorylation-induced
binding of 14-3-3/Par-5 to target proteins, restricts proteins,
such as Bazooka/Par-3, to the apical domain in epithelial cells.
A similar mechanism may act downstream of Par-1 in the germ-
line (Benton and St. Johnston, 2003), but here the relevant Par-1
targets are not known. A link from Par-1 to microtubules appears
conserved even if not fully understood. A mammalian homolog of
Par-1, microtubule affinity regulating kinase (MARK), was identi-
fied based on its ability to phosphorylate microtubule-associ-
ated proteins (Drewes et al., 1997) and thereby affect microtu-
bules. The MAP Tau is phosphorylated by Par-1/MARK in both
mammalian and Drosophila cells (Drewes et al., 1997; Doerflin-
ger et al., 2003). However, Tau is not required for development
or for Drosophila oogenesis (Doerflinger et al., 2003). Par-1/
MARK may have multiple targets that impinge on the microtu-
bule cytoskeleton. We find that ensconsin/E-MAP-115 is a phys-
iologically significant Par-1 target in the oocyte. Par-1 regulates
ensconsin localization, which, in turn, is required for effective
kinesin-1-dependent transport.
RESULTS
Ensconsin Is a MAP That Affects Oocyte Polarity
In a screen for genes affecting development of the Drosophila
female germline, we identified a PiggyBac insertion in the gene
CG14998 (Figure 1A). The encoded protein is similar to mouse
ensconsin/E-MAP-115, with two regions of higher similarity
that we call ensconsin homology region (EHR)-1 and EHR2.
For both mammalian and Drosophila proteins, multiple isoforms
exist due to alternate splicing immediately before and after EHR1
(Flybase annotation; GenBank) (Vanier et al., 2003). With a micro-
tubule pelleting assay routinely used to identify MAPs, we found
endogenous CG14998 protein to associate with microtubules inDevelopembryo extracts (Figure 1C) as well as in ovary extract (Ens in
Figures 1D and 1E). In mouse ensconsin, the N-terminal 200
amino acids were responsible for microtubule association (Mas-
son and Kreis, 1993). Similarly, in CG14998, a truncated protein
removing EHR2 but retaining EHR1 (Ens-X) still associated with
microtubules when expressed in the ovary (Figure 1D, arrow),
whereas removing EHR1 but retaining EHR2 (Ens-C) abrogated
microtubule binding, whether the protein was expressed at
modest or high levels (Figure 1E, arrow). Finding CG14998 to
be a likely functional ortholog of mouse ensconsin/E-MAP-115,
we named it ensconsin.
To determine the biological function of ensconsin, we gener-
ated additional ensconsin loss-of-function mutants (Figure 1A),
including an excision mutant from a P element in the 50 end of
the gene (ensDN), as well as a deletion of most of the coding
region, including EHR2, by homologous recombination (ensDC).
The mutants formed a phenotypic series with increasing severity
and penetrance of effects: wt > ensPB > ensDN > ensDC, with
ensDC being the most severe. Ovary extracts showed a corre-
sponding decrease in amounts of ensconsin protein (Figure 2A
[note that ensDC removes the antibody epitope]). We also gener-
ated a small deficiency, removing the whole ensconsin gene plus
the 50 end of an adjacent gene encoding a calponin-like protein,
Chd64. This mutant, Df-ensD3277, which certainly is a completely
loss-of-function allele, had phenotypes similar to ensDC. Enscon-
sin-homozygous mutant phenotypes include reduced viability
and oocyte defects. The oocyte defects were identical in ens
germline clones, showing that the requirement was cell autono-
mous. Also, we did not observe any obvious defects in ensDC
mutant follicle cells (supplementary Figure 1). In the following,
we therefore describe phenotypes of ensDC germline clones un-
less otherwise indicated. All analyzed mutant phenotypes could
be rescued completely by ubiquitous expression of an ensconsinmental Cell 15, 866–876, December 9, 2008 ª2008 Elsevier Inc. 867
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Ensconsin and Microtubule-Dependent PolaritycDNA (isoform B), confirming that the defects were due to loss of
ensconsin. Rescue was not obtained when expressing Ens-C,
which lacks EHR1 and does not bind microtubules, nor upon ex-
pression of Ens-X, which retains microtubule binding, but lacks
EHR2. The latter result indicates that simply binding to microtu-
bules is not sufficient for Ens functionality in vivo.
ensDC mutant oocytes were morphologically normal, but
showed clear defects in localization of posterior determinants:
oskar mRNA (Figure 2C) and the associated Staufen protein (Fig-
ures 2E0 and 2G0) as well as Oskar protein (Figures 2E and 2G). In
wild-type stage 9 and 10 egg chambers, Staufen and Oskar were
robustly localized (Figures 2D and 2F). Less accumulation and
wider spread was observed in ensmutants at stage 9 (Figure 2E).
At stage 10B, Staufen and Oskar were spread along a large
section of the oocyte cortex in ensDC mutants (Figure 2G;
compare to Figure 2F). The increase of Oskar protein from stage
9 to 10 indicated that local translation was occurring. ensDC mu-
tants also showed defects in positioning of the oocyte nucleus,
severe in 10% of egg chambers (Figure 2I), but mostly moderate
(Figure 2K). In addition, abnormal F-actin accumulations were
observed in the center of the oocyte (Figure 2I). Finally, the dorsal
Figure 2. ensconsin Is Required for Proper
Localization of Posterior and Dorsal Deter-
minants
(A) Western blot of total ovary extracts from
females of the indicated homozygous genotypes,
probed with anti-Ens (top) and anti-a-tubulin as
loading control (bottom).
(B and C) In situ hybridization detecting oskar
mRNA in control (B) or ensDC (C) stage 10 egg
chambers. In this and all subsequent figures, ante-
rior is to the left in each panel, and ensDC indicates
ensDC mutant germline clones.
(D–G) Antibody staining of stage 9 (D and E) and
stage 10B (F and G) control (D, F) or ensDC
(E and G) egg chambers. Oskar antibody staining
is shown in green and Staufen in red (in D0–G0).
(H and I) Nuclei marked by wheat germ agglutinin
(WGA; green) and F-actin marked by phalloidin
(red) in control (H) or ensDC (I) late-stage 9 egg
chambers. Note the centrally placed oocyte
nucleus in (I).
(J and K) Gurken protein visualized by antibody
staining in control (J) or ensDC (K) late-stage
9 egg chambers. The oocyte nucleus can be
seen as the round, nonstaining area, slightly mislo-
calized in (K).
(L and M) In situ hybridization detecting bicoid
mRNA in control (L) or ensDC (M) stage 10 egg
chambers.
(N) Quantification of dorsal appendage pheno-
types of embryos laid by females of the indicated
homozygous genotypes showing increasing
severity; 100 < n < 440.
determinant Gurken was also misplaced
in ensDC mutant oocytes; instead of the
normal tight cortical localization
(Figure 2J), loose cortical and central ac-
cumulations were observed (Figure 2K).
Correspondingly, there was a defect in
dorsal appendage specification, which requires correct amounts
and localization of Gurken signal (Figure 2N). In contrast, bicoid
mRNA localization in the anterior of the oocyte appeared unaf-
fected (Figure 2M).
Ensconsin Is Specifically Required for Kinesin-Driven
Transport
The specific polarity defects observed in ensDC mutants are sim-
ilar to those reported for mutations in kinesin heavy chain (khc)
(Cha et al., 2002), although less severe than for complete
absence of khc. Phenotypes of khc germline clones are shown
in Figure S2 (available online). At late stages of oogenesis, an
additional, quite specific function of kinesin-1 is to mediate the
cytoplasmic flow that mixes all nontethered contents of the
oocyte for even distribution in the egg. The flow results in move-
ment of large, yolk-filled endosomes that can be followed by live
imaging (overlay of time series in Figure 3A and Movie S1).
Cytoplasmic flow is very sensitive to reduced Khc motor activity
(Serbus et al., 2005). Similarly, all ens mutants show blocked cy-
toplasmic flow, even the weak ensPB allele (Figure 3B and Movie
S2). Lack of cytoplasmic flow results in late oocytes that are
868 Developmental Cell 15, 866–876, December 9, 2008 ª2008 Elsevier Inc.
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Ensconsin and Microtubule-Dependent Polaritystratified, with opaque yolk granules in the posterior and freshly
dumped clear nurse cell cytoplasm in the anterior (compare
Figures 3C and 3D). Some stratification of late oocytes was
also observed in khc/+;ens/+ double-heterozygous females
(Figure 3E, quantified in Figure 3F), suggesting that ensconsin
and kinesin-1 may act together in this context. Additional genetic
interactions indicated that the cooperation might be widespread:
the defects in positioning of the oocyte nucleus in ensDC were
enhanced by removing one copy of khc (Figure S3). Also, ensDC
homozygous flies showed reduced survival but did not survive at
all with 50% reduced khc level. Finally, ensconsin is enriched in
axons and ensmutant flies showed neurological phenotypes and
ectopic Synaptotagmin accumulation, consistent with reduced
kinesin-dependent transport in neurons (Figure S4). Together,
these results indicate that ensconsin is required for efficient kine-
sin-1 dependent transport, regardless of the cargo being trans-
ported. Ensconsin could do this either by affecting microtubules
or by positively affecting kinesin itself.
To look closer at the possible effects of ensconsin on kinesin
and microtubules, we returned to the well-studied polarized
oocyte. Here kinesin-1 is the major plus-end-directed, microtu-
bule-dependent motor, and promotes localization of Oskar and
Staufen to the posterior cortex. Kinesin-1 is present throughout
the egg chamber, with some accumulation at the posterior (Fig-
ure 4A). In ensDC mutants, kinesin-1 was present at normal levels
throughout the oocyte, but posterior accumulation was not de-
tected (Figure 4B). The major minus-end-directed motor, dynein,
becomes enriched in the oocyte posterior in a kinesin-depen-
dent manner (Figure 4C). This enrichment was also not observed
in ensDC mutants (Figure 4D). That the requirement for ensconsin
was specific to kinesin-1-dependent events was further sup-
ported by ensconsin mutants not affecting localization of bicoid
mRNA at stage10 (Figure 2M) and not showing defects in oocyte
specification, both of which require an intact microtubule cyto-
skeleton and the dynein motor. Finally, we analyzed microtubule
density and polarity directly: overall distribution of microtubules
looked grossly normal in ensDC mutants, whether analyzed in
fixed samples (compare Figures 4E and F) or live, by detection
of Tau-green fluorescent protein (GFP) (compare Figures 4G
and 4H). Overall microtubule polarity can be assessed using a
fusion protein with the motor domain of kinesin-1 fused directly
Figure 3. Ooplasmic Streaming Is Abolished in ensconsin Mutants
(A and B) Bulk movement of yolk granules visualized by overlay of multiple
frames from movies from stage 11 control (A) and ensPB mutant (B) egg cham-
bers. The moving particles are seen as streams in such depiction (seen only in
[A]). See also Movie S1 (control) and Movie S2 (ensPB mutant). All ens mutant
alleles show the stalled streaming phenotype with high penetrance (n = 16
movies).
(C–E) Nomarski images of late oocytes from control (C), ens mutant (D), and
transheterozygous khc/+; ens/+ (E) females. The dark material is yolk and is
normally mixed with the clear cytoplasm at this stage by prior cytoplasmic
streaming.
(F) Quantification: late oocytes from females of the indicated genotypes were
scored as normal (as in [C]) or stratified (as in [E]); 196 < n < 248.
Figure 4. ensconsin Mutants Show Defects in Kinesin and Dynein
Localization but Apparently Normal Microtubules
(A and B) Antibody staining detecting Khc in stage 9 control (A) or ensDC mutant
(B) egg chambers. The posterior section is enlarged in A0 and B0.
(C and D) Antibody staining detecting dynein heavy chain (Dhc) in stage
10 control (C) or ensDC mutant (D) egg chambers. The posterior section is
enlarged in C0 and D0.
(E and F) Visualizing microtubules by staining with anti-a-tubulin antibody in
stage 9 control (E) or ensDC mutant (F) egg chambers.
(G and H) Visualizing microtubules without fixation by expression of Tau-GFP
in stage 8 control (G) or ensDC mutant (H) egg chambers.
(I and J) Visualizing microtubule polarity by expression of a kinesin-LacZ fusion
protein in late-stage 9 control (I) or ensDC mutant (J) egg chambers and detec-
tion with X-gal staining.
Developmental Cell 15, 866–876, December 9, 2008 ª2008 Elsevier Inc. 869
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Ensconsin and Microtubule-Dependent Polarityto b-galactosidase (Clark et al., 1994). This fusion protein reveals
predominant (net) microtubule orientation in cells and accumu-
lated normally in ensDC oocytes (Figures 4I and 4J). Thus, micro-
tubule distribution and orientation were not visibly affected by
loss of ensconsin.
Direct Analysis of Kinesin Motility
To directly analyze the effect of ensconsin on kinesin-1 behavior,
we set up an in vitro assay to visualize movement of individual
kinesin motors along immobilized, experimentally provided
microtubules. Measurements were performed in concentrated
ovary extracts in order to mimic endogenous conditions. La-
beled microtubules were immobilized on a polyethylene glycol
passivated glass surface to prevent nonspecific adsorption of
kinesins and other proteins. Total internal reflection fluorescence
(TIRF) microscopy then allowed single fluorophores close to the
surface to be visualized and tracked if they moved along an im-
mobilized microtubule (Figure 5A; Movies S3 and S4). We first
analyzed a truncated version of Drosophila kinesin-1 linked to
monomeric GFP, Kin401-GFP in wild-type ovary extract. Kin401-
GFP lacks the C-terminal part of kinesin that interacts with intra-
cellular cargos, and therefore displays the basic properties of
a dimeric, unregulated kinesin. A line scan of Kin401-GFP along
an Alexa-568-labeled microtubule (Figure 5B, kymograph)
shows mostly unidirectional and short processive movement.
In ensconsin mutant extracts, the behavior was similar
(Figure 5B and Movie S3). Both the landing rate (Figure 5C)
and the average velocity as obtained from fits to mean squared
displacement (MSD) distributions of processive events (Fig-
ure 5D) were essentially unaffected by the lack of ensconsin. In
Figure 5. Single-Molecule Analysis of Kinesin-GFP Motility
(A) Schematic illustration of the in vitro assay. Polymerized microtubules are adhered to biotin-polyethylene glycol-functionalized glass. MAPs from extract in-
teract with the microtubules. An evanescent field of totally internally reflected light at the glass-medium interface excites fluorophores only close to the surface.
(B) Example of space-time plots (kymographs) of the signal of Kin401-GFP (2 nM) along a microtubule in wild-type (left) and ensconsin mutant (right) extract. The
horizontal and vertical bars are 1 mm and 1 s, respectively.
(C) Count of trackable landing events normalized to microtubule length and acquisition time, showing no significant difference between wild-type and mutant
extract. Error bars represent SD of four independent measurements (>800 events).
(D) MSD curves and fitted parabola of pooled tracks show no significant difference in the processive motility between wild-type (n = 240) and mutant (n = 165)
background. Error bars denote SEM and values in brackets denote the 95% confidence interval of the velocity as fitting parameter.
(E) Kymographs of endogenous full-length kinesin-GFP interacting with a microtubule in wild-type (left) and mutant (right) extract. Wild-type extract shows many
short and some processive events, whereas the interaction in mutant extract is almost absent. Horizontal and vertical bars are 1 mm and 1 s, respectively.
(F) Count of trackable landing events normalized to microtubule length and acquisition time, with 5-fold reduction in mutant compared to wild-type extract. Error
bars are standard deviations of four independent measurements.
(G) Mean squared displacement (MSD) of pooled tracks of kinesin in wild-type (blue, n = 1330) and mutant (red, n = 640) extract. Overall behavior is mostly
diffusive, but the general mobility is higher in wild-type extract. Error bars denote SEM.
(H) MSD analysis for selected processive runs in wild-type extract from one experiment (n = 27) and estimated average velocity from a parabolic fit. Values in
brackets denote 95% confidence interval; error bars denote SEM.
870 Developmental Cell 15, 866–876, December 9, 2008 ª2008 Elsevier Inc.
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slightly lower than the unloaded velocity of kinesin-1 measured
in buffer (0.6 mm/s) (Berliner et al., 1995; Svoboda and Block,
1994). These results show that: (1) single molecule imaging of ki-
nesin behavior is feasible under physiological conditions in ovary
extract; (2) microtubules are likely decorated in extracts, slowing
down the truncated kinesin compared to on ‘‘naked’’ microtu-
bules; and (3) basic motor function, as displayed by truncated ki-
nesin, is not affected by ensconsin. This final conclusion is sup-
ported in vivo by the normal behavior of kinesin-b-galactosidase
fusion protein in ensconsin mutant egg chambers (Figure 4J).
To determine the effect of ensconsin on the behavior of nor-
mal, full-length kinesin-1, we prepared extract from wild-type
or ensconsin mutant flies expressing full-length kinesin-1 tagged
with GFP. This kinesin-GFP fusion was expressed at a level sim-
ilar to endogenous kinesin-1; it was properly localized and func-
tional during oogenesis, as revealed by its ability to fully replace
endogenous khc (Figure S5). Line scans of this full-length kine-
sin-GFP along an Alexa-568-labeled microtubule (Figure 5E)
illustrate that its behavior was different from that of truncated
kinesin-GFP. In addition, importantly, a clear difference was
observed when comparing the behavior of full-length kinesin in
wild-type and ensconsin mutant extracts (Figures 5E–5G and
Movie S4). The difference between truncated and full-length
kinesin in terms of landing rate (10-fold less motor-GFP fusion
was used in Figure 5B) likely reflects the autoinhibition observed
for full-length kinesin when not attached to cargo (Coy et al.,
1999; Friedman and Vale, 1999). Most interaction events
for full-length kinesin were short, and the MSD distribution
suggests that, within the temporal resolution limit of our experi-
ment, they represent diffusive movement on the microtubule
(Figure 5G). Processive events were also recorded. These true
runs show heterogeneity, likely reflecting the attachment of
full-length kinesin to different endogenous cargos. By separate
analysis of processive tracks, we calculated an average velocity
of 0.3 mm/s (obtained from a fit to the MSD distribution [Fig-
ure 5H]), similar to the velocity of truncated kinesin under the
same conditions. In the absence of ensconsin, productive en-
counters between full-length kinesin-1 and microtubules were
drastically reduced (Figure 5F). For the landings observed, the
MSD distribution curves (Figure 5G) indicated mostly diffusive
movement, as in the wild-type situation, and, interestingly, also
reduced overall mobility.
In summary, absence of ensconsin reduces the effective affin-
ity of full-length kinesin for microtubules as well as the overall
mobility of those kinesins that succeed in binding to microtu-
bules even in the absence of ensconsin. These results explain
the biological requirement for ensconsin to specifically support
kinesin-1 activity and reveal an unexpected function for a MAP.
Ensconsin Is Localized in a Polarized Manner
and Is a Par-1 Target
To investigate in more detail how ensconsin might function in the
context of the polarized oocyte, we determined its spatial distri-
bution. We found that both ensconsin mRNA (Figures 6A and 6B)
and protein (Figures 6C and 6D) were tightly localized during
oogenesis. In the germline, the mRNA was found to be enriched
the developing oocyte (Figure 6A) and subsequently at the ante-
rior region of the oocyte (Figure 6B). Anterior localization ofDevelopmensconsin mRNA was dependent on its 30 UTR (Figure S6). How-
ever, ensconsin protein could still achieve correct localization
even when expressed from a nonlocalized mRNA (Figure S6).
Ensconsin protein is enriched in the oocyte initially (Figure 6C)
and subsequently at the anterior and anterior-lateral cortex of
the oocyte (Figure 6D). The follicle cells form a simple stratified
epithelium surrounding the oocyte and ensconsin is enriched
at the apical region (Figures 6C and 6D). The disappearance of
staining clones of ensDC mutant cells confirmed the specificity
of staining (Figure S7).
The polarized ensconsin protein distribution suggested that it
might be regulated by Par-1. Par-1 kinase is localized basally in
follicle cells and at the posterior in late oocytes and, together with
the phosphorylation-induced binding of 14-3-3/Par-5 to target
proteins, can restrict these to the opposing domain (Benton
et al., 2002; Benton and St. Johnston, 2003). Clones of follicle
cells completely lacking Par-1 no longer had ensconsin
restricted to the apical domain, but distributed throughout the
cell (Figures 6E and 6F). To look within the oocyte, we used
a Par-1 hypomorphic mutant combination to bypass the early re-
quirement for Par-1 in oocyte determination. In this genotype,
some egg chambers were phenotypically normal (Figure 6G),
whereas others had mislocalized posterior determinants (Fig-
ure 6H). In the latter egg chambers, ensconsin was no longer
excluded from the posterior cortex (Figure 6H0). As Par-1 regu-
lates overall polarity and microtubule organization, the effects
on ensconsin localization might be direct or indirect. Microtubule
binding could also contribute to local enrichment of ensconsin at
the anterior of the oocyte, where microtubules are more abun-
dant. Complete disruption of the microtubule cytoskeleton by in-
cubation of egg chambers with nocodazole resulted in dispersal
of ensconsin in the oocyte, but only mild changes in the follicle
cells (Figures 6I and 6J). Thus, Par-1 helps restrict the localiza-
tion of ensconsin, removing it from the posterior domain of the
oocyte and the basal aspect of epithelial cells; in addition, at
least in the germline, microtubules also contribute to ensconsin
localization.
How Par-1 affects the cytoskeleton during Drosophila oogen-
esis is unresolved, but phosphorylation of MAPs may contribute.
Using an in vitro kinase assay with bacterially expressed Par-1
kinase domain, we found robust phosphorylation of the N-termi-
nal half of ensconsin (Ens-N; Figure 7B, lane 1) and some phos-
phorylation of the C-terminal half (Ens-C). Phosphorylation was
strongly reduced using a mutant Par-1, showing that it was not
due to copurifying kinases (Figure S8). The N-terminal region
of ensconsin contains two sets of predicted binding sites for
14-3-3 proteins that could be Par-1 phosphorylation sites (a total
of 6 sites) (Figure 7A). Two sets of putative 14-3-3 binding site/
Par-1 phosphorylation sites are found in the mammalian protein
at similar positions between EHR1 and EHR2. Elimination of
all six sites in Drosophila ensconsin (Ens-N-mut) reduced phos-
phorylation by Par-1 (Figure 7B, lane 2). The bacterially
expressed Par-1 kinase domain might be promiscuous. To
look at a more physiological context, we analyzed the activity
of a full-length Par-1 kinase immunopurified from ovarian ex-
tracts. Initial analysis, done as described previously (Benton
and St. Johnston, 2003), revealed that endogenous kinases cop-
urifying nonspecifically were able to phosphorylate Ens-N quite
effectively (Figure 7C, lane 1). We therefore generated a mutantental Cell 15, 866–876, December 9, 2008 ª2008 Elsevier Inc. 871
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Ensconsin and Microtubule-Dependent PolarityPar-1 fusion protein, GFP-Par-1M329G, where the ATP binding
pocket is enlarged such that it can use modified ATP, benzyl-
ATP, as a substrate (Shah et al., 1997). The modified ATP cannot
be used by normal, endogenous kinases (Figure 7C, lane 2).
GFP-Par-1M329G was expressed from a transgene in flies, immu-
noprecipitated, and mixed with purified ensconsin fragments
in the presence of g-labeled benzyl-ATP. This allowed us to
detect specific, direct phosphorylation of ensconsin by GFP-
Par-1M329G (Figure 7C, lanes 2–5). Phosphorylation was primarily
in the N-terminal domain and was reduced by mutating the six
predicted sites (Figure 7C, Ens-N-mut). Thus, Par-1 can directly
phosphorylate ensconsin on conserved sites.
To determine whether the identified Par-1 phosphorylation
sites were of importance in vivo, we expressed full-length Ens-
mut in the ovary. Ens-mut associated normally with microtubules
as determined by pelleting assay (Figure S9) and rescued the ens
mutant phenotypes. Ens-mut was largely delocalized in follicle
cells (Figures 7D and 7F), which, together with the delocalization
in par-1 mutant clones, indicates that phosphorylation of en-
sconsin by Par-1 is essential for ensconsin apical localization.
In the oocyte, Ens-mut (Figure 7F) expressed at low levels was
Figure 6. ensconsin mRNA and Protein
Localization; Regulation by Par-1
(A and B) In situ hybridization detecting endoge-
nous ensconsin mRNA in early (A) and stage
10 (B) egg chambers.
(C and D) Antibody staining detecting endogenous
ensconsin protein in early (C) and stage 10 (D) egg
chambers.
(E and F) Ensconsin protein (red) in follicle cells
mutant for Par-1 (Par-1W3), as indicted by the ab-
sence of the clonal marker GFP (green); phalloidin
marks F-actin (blue). E0 and F0 shows correspond-
ing single channel image of anti-ensconsin. In (E),
basal is up and the apical oocyte interface is
down. (F) A tangential section through the middle
of the cells showing that ensconsin is delocalized
in Par-1 mutant cells, not gone.
(G and H) Staufen (green) and ensconsin (G0 and
H0) protein localization in Par-1 hypomorphic mu-
tant egg chambers (Par-1W3/Par-19A) at late-stage
9. Only the posterior half of the egg chamber,
including the oocyte, is shown and the most pos-
terior region enlarged to the right. In 10% egg
chambers aberrant phenotypes are seen (as in
[H]), affecting both Staufen and ensconsin at the
same time.
(I and J) Egg chambers incubated with DMSO (I) or
with nocodazole (J); methanol fixed and stained to
detect microtubules (I0, J0 ) and ensconsin (I00, J00).
still enriched at the anterior, but less
strongly than normal Ens protein ex-
pressed in the same manner (Figure 7E;
3-fold enrichment compared with the nor-
mal 5-fold). If expressed at higher levels,
wild-type Ens protein showed aberrant
accumulation at the posterior cortex, as
well as punctate staining throughout the
oocyte (Figure 7G). For Ens-mut, misloc-
alization to the posterior was more severe,
in some cases with no detectable anterior staining (Figure 7H). In
half of the stage 9 egg chambers with severely mislocalized
ensconsin protein, whether Ens or Ens-mut, localization of the
posterior marker Staufen was severely perturbed (Figure 7H); in
others, Staufen was slightly misplaced by ensconsin (Figure 7I).
From these results, we conclude that localization of ensconsin
in the oocyte is controlled by a balance of saturable processes,
one of which is phosphorylation by Par-1. Reduction of Par-1
phosphorylation and partial perturbation of ensconsin distribution
is still compatible with function. Finally, as ensconsin mislocalized
to the posterior affects distribution of Staufen, regulation of its
spatial distribution contributes to ensuring proper localization of
polarity markers.
DISCUSSION
The microtubule cytoskeleton is complex and dynamic, with
extensive regulation of microtubule growth and turnover. It is
not clear, however, whether the resulting polarized microtubules
are simply roads to be freely used by motors or whether there is
significant crowding on them and assistance is needed to get on.
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Ensconsin and Microtubule-Dependent PolarityIn this study, we have provided evidence that a MAP may func-
tion to stimulate productive interaction of a specific directional
motor, kinesin-1, with microtubules in vivo. We demonstrate this
using a combination of genetic analysis and single-molecule
imaging performed in cell extracts. That ensconsin is required
for efficient kinesin-1-dependent transport in vivo, irrespective
of which cargo is being transported, was demonstrated by the
specificity of the mutant phenotypes. We show this in detail for
the oocyte, but analysis of neuronal phenotypes suggests that
the function of ensconsin is general. The kinesin motility assay
in extract allowed direct analysis of physiologically active kinesin
with and without ensconsin present under conditions close to the
cellular environment, but on experimentally defined microtubule
tracts.Previous studieshave shown that someMAPscan regulate
the dynamics of microtubules themselves (Mandelkow and
Figure 7. Ensconsin Is a Direct Target of
Par-1
(A) Schematic of ensconsin protein and variants
used. Red bars are predicted 14-3-3 binding sites.
(B) In vitro kinase assay using recombinant Par-1
kinase domain and recombinant ensconsin frag-
ments as indicated below each lane. Asterisks
indicate Ens fragments.
(C) Kinase assay using a GFP-Par-1M329G fusion
protein immunoprecipitated from ovaries of fe-
males with the GFP-Par-1M329G transgene (lanes
3-5, Par-1M329G) or wild-type females without
transgene (lanes 1–2). Recombinant ensconsin
fragments shown at the bottom were used as sub-
strate. With normal ATP, phosphorylation of Ens-N
is observed even without a GFP-Par-1 transgene
(lane 1), but not with benzyl-ATP (BnATP). In
(B and C), top panel is an autoradiogram, bottom
is Coomassie blue staining of the same gel; posi-
tion of molecular weight markers is indicated to
the left, and asterisks indicate Ens fragments.
(D, E, and F) Location of wild-type or mutant en-
sconsin ubiquitously expressed from a tubulin
promoter. In (D), all follicle cells express transgenic
Ens-mut; some cells are ensDC mutant (marked by
the absence of GFP, green) and express only
transgenic Ens-mut; the other cells also express
endogenous Ens. In (E and F), arrows point to
the anterior-lateral accumulation (reduced in
Ens-mut) and posterior region of the oocyte.
Inserts show areas used for quantification.
(G, H, and I) Location of wild-type (G) or mutant (H
and I) ensconsin (red) expressed in the germline
by mattub::Gal4Vp16 and UASp-ens or UASp-
ens-mut. In (I), the posterior region of an oocyte
is shown at higher magnification. In (D, E, G, H,
and I), late-stage-9 egg chambers with very low
endogenous ensconsin expression are shown
(ensDC/ensDN) to visualize the transgenic protein.
Phalloidin is blue in overlays (D and I).
Mandelkow, 1995), and that others can
act as ‘‘roadblocks,’’ inhibiting motor
traffic (Ebneth et al., 1998; Stamer et al.,
2002; Seitz et al., 2002; Vershinin et al.,
2007). Aiding microtubule motor activity
somewhat unexpected function for
a MAP, and has, to the best of our knowledge, not been shown
previously.
The difference in the effect of ensconsin on full-length kinesin
versus the short ‘‘constitutively active’’ form highlights the
importance of finding appropriate ways to analyze complete
and functional motor proteins in order to understand their regu-
lation. The method described here, using functional kinesin and
cell extracts, should be helpful in this regard. Importantly, the
results with and without ensconsin reveal an additional level of
regulation of the inherently very active motor, kinesin-1. Binding
of specific cargo is thought to stimulate motor activity by reliev-
ing autoinhibition in classical kinesins (Friedman and Vale, 1999;
Coy et al., 1999; Imanishi et al., 2006). This may ensure that only
occupied kinesin motors interact with microtubules. A dedicated
regulator, such as ensconsin, can provide spatial and temporal
Developmental Cell 15, 866–876, December 9, 2008 ª2008 Elsevier Inc. 873
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Ensconsin and Microtubule-Dependent Polaritycontrol of the motor, regardless of the cargo. Ensconsin protein
accumulation is itself spatially controlled, and microtubule asso-
ciation of ensconsin may be controlled by phosphorylation (Mas-
son and Kreis, 1995; Faire et al., 1999; Bulinski et al., 2001), al-
lowing recruitment of kinesin/cargo complexes to microtubules
to be intricately regulated. As the truncated kinesin is active re-
gardless of ensconsin, both in vivo and in extracts, this additional
level of control also appears to operate as relief of inhibition. This
implies that most kinesin in the cell is in an inactive state, and
multiple positive inputs converge to allow actual motility.
Tau is a MAP that, like ensconsin, binds along microtubules,
and, in some assays, is able to stabilize microtubules. Tau has
been extensively studied due to its association with neurodegen-
eration, but its actual biological function is still somewhat
unclear. In cells, moderately overexpressed Tau inhibits the
function of classical kinesin (Ebneth et al., 1998; Stamer et al.,
2002). Tau may inhibit the productive attachment of kinesin-1
motor to microtubules and thereby also processivity of move-
ment for cargoes with more that one kinesin motor (Seitz et al.,
2002; Vershinin et al., 2007). We find that ensconsin does the
opposite. Such potentially counteracting MAPs may allow fine-
tuned control over trafficking along microtubules, which would
be of particular importance in neurons and other large, polarized
cells.
The present findings for Drosophila ensconsin are likely to
apply to mammalian ensconsin as well. Mammalian ensconsin
was found to associate dynamically with microtubules along
their length, and modest overexpression did not affect microtu-
bule stability (Faire et al., 1999; Bulinski et al., 2001). Similarly, we
did not observe overt defects in microtubule density upon
removal of ensconsin in vivo. Like the fly protein, mammalian
ensconsin is apically localized in a polarized epithelium (Vanier
et al., 2003) and contains potential 14-3-3 binding sites between
EHR1 and EHR2, which are likely Par-1 phosphorylation sites.
We did not find a clear requirement for ensconsin in the follicular
epithelium, but it may be subtle or redundant with other regula-
tors. In both mammals and flies, Par-1/MARK is unlikely to be
the only kinase regulating ensconsin. This is indicated by the
heavy cell cycle-dependent phosphorylation of mammalian en-
sconsin affecting its interaction with microtubules (Masson and
Kreis, 1995), as well as the ‘‘background’’ (Par-1-independent)
phosphorylation seen in our kinase assays with oocyte proteins.
Finally, EHR1 is responsible for microtubule binding in both
mammalian and Drosophila ensconsin. The second conserved
domain, EHR2, may be responsible for the specific effect on
kinesin. A detailed biophysical analysis will be needed to deter-
mine exactly how ensconsin stimulates both recruitment and
subsequent motility of full-length kinesin. A simple hypothesis
would be recruitment by direct physical interaction, which we
have so far not detected. However, given that ensconsin also
has a positive effect on kinesin movement, their interaction
would most likely be transient and/or regulated—and possibly
not straightforward to observe.
Localization of ensconsin is controlled at multiple levels, in-
cluding mRNA localization, Par-1 phosphorylation, and a depen-
dency on microtubules. The Ens-mut mislocalization shows that
at least some of the effects of Par-1 on ensconsin are direct. The
clear microtubule dependency in the oocyte indicates that Par-1
phosphorylation is not sufficient for biased Ens localization; it re-874 Developmental Cell 15, 866–876, December 9, 2008 ª2008 Elsquires transport or other microtubule-dependent events as well.
Spatially, Par-1 negatively affects ensconsin, and this agrees
with the phenotype of mislocalized ensconsin resembling that
of Par-1 loss of function. Why is ensconsin subject to this regu-
lation, and how may this contribute to polarity? A recent study
argues convincingly that the posterior determinant oskar is local-
ized primarily as a cargo of kinesin-1, with motor-cargo particles
moving inefficiently by biased random walk toward the posterior
(Zimyanin et al., 2008). The implication is that microtubules in the
oocyte have a net polarity in the expected direction (more minus
ends anteriorly), but it is only a weak bias with many microtubules
pointing in other directions. A higher level of ensconsin at the
anterior/lateral cortex can promote more productive interactions
of kinesin-cargo complexes with microtubules in this region,
and, hence, contribute to the bias of posteriorly directed events.
At the posterior, microtubule density is relatively low, but kinesin-
1 accumulates over time. Low levels of ensconsin (thus, very little
active kinesin-1) will discourage active ‘‘backwards’’ transport of
kinesin cargoes. The asymmetric ensconsin distribution can thus
contribute to asymmetry in microtubule-dependent transport.
The oocyte is a large and dynamically polarized structure likely
utilizing multiple overlapping mechanisms of polarity establish-
ment and maintenance. Microtubule-dependent asymmetry
and polarity can be affected by microtubule density, as well as
by bias in orientation. Both processes may be modulated by
Par-1. The function and regulation of ensconsin described here
indicate that regulators of microtubule-dependent polarity
need not affect microtubules themselves, but may also control
the effectiveness of the directional motors that ‘‘read out’’ the
polarity of the microtubules.
EXPERIMENTAL PROCEDURES
Flies and Genetics
CG14998 or ensconsin (ens) locus is at cytological position 64A. There are
multiple splice variants, all sharing the same transcription start site (FlyBase
annotation). PiggyBac 4170 is inserted at position +1476 relative to ensconsin
transcription start site and P element CB-5457-3 at +30. ensDN was generated
by imprecise excision from the P element, and removes from +31 to +1475.
ensDC was created by ‘‘ends-out’’ homologous recombination (Gong and Golic,
2003), removing from+7077to+9632andreplacing witha w+ cassette. The small
deficiency ensD3277 was generated by recombination between P[RS3]CB-5457-
3 and P[RS5]5-SZ-3277, removing all intervening sequences, thus deleting all of
ens and some of Chd64. For all deletions, the breakpoints were mapped by PCR
and sequencing. For clonal analysis, larvae of the following genotype were heat
shocked (1 hr; 37C), and females were dissected 1 week later: hs-FLP/+;;
ensDC,FRT80/ubi-GFP,FRT80 and hs-FLP/+;; ensDC,FRT80/ovoD1,FRT80 also
hs-FLP/+;KZ503/+; ensDC,FRT80/ ovoD1,FRT80, where KZ503 is kinesin-b-gal
(Clark et al., 1994) and hs-FLP/+; tauGFP/+; ensDC,FRT80/ovoD1,FRT80, where
tauGFP is from Doerflinger et al. (2003); finally, hs-FLP/+;; FRTG13, Par-1W3/
FRTG13, ubi-GFP, and hs-FLP/+;; FRTG13, khc27/FRTG13, ovoD1. Other
relevant genotypes are indicated in the figure legends.
Molecular Biology
RT-PCR analysis showed ens isoform B to be dominant in ovaries. We gener-
ated an ens isoB cDNA by replacing the 50 end of LD09626 (isoA) with an isoB
RT-PCR product, and used this for all analyses. Ens-X has amino acids 307–
676 deleted; Ens-C contains amino acids 371–851. The putative 14-3-3 sites
were mutagenized to generate ens-mut as follows: STS and SSS at amino
acid position 168 and 198, respectively, were each replaced with AAA, creat-
ing AscI or NotI sites. The four sites from amino acid 307 to 341 were removed
by deletion (replacing with AR, an XbaI site). Oligonucleotides used are avail-
able on request. Alterations and PCR products (generated with AccuPrime Pfxevier Inc.
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with the 30UTR removed, or mutant variants of these as described above, were
cloned into pUASpand into pCasper with ana-tubulinpromoter (tub-ens). Trans-
genic flies were generated by standard P element transformation. The regions
encoding amino acids 284–499 (Antigen A), 676–851 (Antigen B), 1–499 (Ens-
N, as well as the same region from ens-mut to make Ens-Nmut), and 371–851
(Ens-C), or full-length ens ORF were cloned into pETM11 to allow standard pro-
duction and purification of N-terminally His-tagged recombinant proteins from
Escherichia coli. The Par-1M329G mutant was created by standard site-directed
mutagenesis of mata4-Tub:GFP:par-1(N1S) (Shulman et al., 2000) to replace
Met-329 of the N1S isoform with a Gly and expressed in transgenic flies.
Biochemical Analyses
Microtubule binding assay was done using cleared whole extracts from 0–2 hr
embryos or from ovaries as described by Karpova et al. (2006) without adding
exogenous tubulin.
g-Labeled N6-benzyl-ATP (BnATP) was made by mixing 1 mM N6-benzyl-
ADP (B024-05; Biolog), 0.5 U/ml nucleoside diphosphate kinase (N 0379;
Sigma), and 2.5 mCi/ml g-32P-labeled ATP (AA0018; Amersham) in kinase
buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM MgCl2) for 1 hr at 30
C.
The kinase was then inactivated and removed by adding 0.5% SDS and
0.1 mg/ml proteinase K and incubating at 50C for 1 hr, followed by phenol/
chloroform extraction. In vitro kinase assays were performed as described
by Benton et al. (2002) using bacterially expressed Ens fragments and
g-labeled ATP or BnATP at 50 mM. One source of kinase was bacterially
expressed MBP-fused Par-1 kinase domain (amino acids 245–521) or a ki-
nase-deficient mutant thereof, with T408 and S412 of the activation loop
mutated to A, the numbering referring to the N1S isoform. Another source
was GFP-fused, full-length GFP-Par-1M329G immunoprecipitated from ovarian
lysates using an anti-GFP monoclonal antibody (no. 11,120; Molecular
Probes).
Antibody Production and Staining
Two Ens polyclonal antisera were produced by immunizing rats with His-
tagged antigen A or B (nonoverlapping fragments of Ens) expressed in and pu-
rified from E. coli. They were used at 1:100 and gave the same pattern by tissue
immunofluorence staining. Additional antibodies were: monoclonal P1H4 anti-
Dhc64C (1:100) (McGrail and Hays, 1997), rabbit anti-KHC (1:100;Cytoskele-
ton), rat anti-Staufen (1:2000), rabbit anti-Staufen (1:2000), rabbit anti-oskar
(1:2000), rabbit anti-aPKC (1:100; Santa Cruz Biotechnology), mouse anti-
a-tubulin (1:100 [clone DM1A]; Sigma), mouse anti-gurken (1:100), and mouse
anti-a-spectrin (1:100) from DSHB, rhodamine-labeled anti-HRP (1:100) (Jack-
son Immuno-Research Laboratories). Staining of microtubules by anti-tubulin
was done as described by Vogt et al. (2006). For Figures 6I and 6J, egg cham-
bers were incubated for 1 hr in imaging medium (Bianco et al., 2007) with 50
mg/ml nocodazole or DSMO control before fixation. Dynein and Khc staining
protocol and streaming were done as described by Palacios and St. Johnston
(2002). For the remaining antibodies, standard fixation (4% paraformaldehyde)
and staining conditions were used. All antibody stainings were done using
fluorescently labeled secondary antibodies (Jackson Immuno-Research Lab-
oratories), rhodamine-labeled phalloidin, Oregon green-labeled wheat germ
agglutinin, and DAPI (Molecular Probes), and images were captured on a Leica
confocal microscope. For quantitative analysis, 20 late-stage 9 egg chambers
stained with anti-Ens were imaged under nonsaturating conditions with no
contrast enhancement, and the average signal intensity around 300 pixels of
maximal intensity (anterior lateral corner) was compared to a similar size
area at the posterior cortex. For imaging streaming movement in late oocytes,
egg chambers were mounted under oil and single-section images scanned ev-
ery 7 s on a spinning disc confocal microscope (Perkin Elmer RS). For projec-
tions shown in Figures 3A and 3B, contrast was enhanced and 30 consecutive
time points overlaid.
In situ hybridizations were carried out using antisense RNA probes labeled
with Digoxigenin-UTP (Boehringer Mannheim), HRP-coupled anti-DIG, and
DAB-based detection by standard methods. For Western blot analysis, anti-
Ens B (1:1000) and anti-a-tubulin (clone DM1A; Sigma) were used, followed
by ECL (Amersham) detection.DevelopSingle-Molecule Imaging of Kinesin-GFP Movement with TIRF
For extracts, ovaries were dissected in cold PBS and washed twice in homog-
enization buffer (12 mM K-PIPES at pH 6.8, 1 mM MgCl2, 50 mM KoAC, 1 mM
EGTA, protease inhibitor cocktail without EDTA [from Roche], 10 mg/ml cyto-
chalasin D). About two volumes of homogenization buffer was added to one
volume of ovaries, followed by manual homogenization, and supernatant
was taken after centrifugation for 10 min, at 50,000 rpm and 4C. Prepolymer-
ized, taxol-stabilized microtubules containing 5% Alexa-568-tubulin and 5%
biotin-tubulin were immobilized via Neutravidin (Invitrogen) on a biotin-poly-
ethylene glycol-functionalized glass coverslip of a flow chamber (Bieling
et al., 2008). After microtubule attachment and washing out unattached micro-
tubules with assay buffer (80 mM K-PIPES at pH 6.8, 1 mM MgCl2, 1 mM
EGTA), the ovary extract samples were flowed into the chamber. For
Kin401-GFP experiments, extracts were supplemented with purified, truncated
kinesin (the N-terminal 401 amino acids of Drosophila kinesin-1 heavy chain
followed by a C-terminal monomeric GFP) at 2 nM final concentration. Expres-
sion and purification of this construct is described elsewhere (Bieling et al.,
2008). Full-length Drosophila kinesin-1 heavy chain with a C-terminal GFP
was endogenously expressed with a final concentration of 15–30 nM in ex-
tracts as estimated by serial dilution of extract alongside purified GFP protein
and anti-GFP detection on Western blot. In all experiments, oxygen scaven-
gers (20 mg/ml catalase, 160 mg/ml glucose oxidase, 20 mM glucose) and
1 mM MgATP were added to the extract before incubation. Imaging was
performed at 25C. The TIRF microscopy setup was essentially as described
by Bieling et al. (2007). The GFP emission signal was continuously acquired at
10 fps with a cooled CCD camera (Cascade II; Photometrics). For each condi-
tion, the experiment was repeated at least three times independently. The
position of fluorescence intensity spots colocalizing with microtubules was
tracked postexperimentally with an automated tracking routine (Kalaimo-
scope; TransInsight GmbH). Minimum dwell time of a detectable track was
set to three frames (300 ms). Landing rate was determined by counting events
per microtubule length per acquisition time. MSD distribution curves were
produced from the displacements of all detectable tracks per condition by
calculating the squared distance from the landing position of each kinesin-
GFP to its position at every time point during its movement along the microtu-
bule. Parabolic fits to the MSD curves were obtained using the curve-fitting
tool in Matlab (The MathWorks).
SUPPLEMENTAL DATA
Supplemental Data include four movies and nine figures and can be found
with this article online at http://www.developmentalcell.com/supplemental/
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